Use of a rotating cylinder to induce laminar and turbulent separation over a flat plate 
Introduction
Drag reduction inspired by nature has the potential to come up with practical applications for flow control such as aircraft, submarines, ships etc. For example, surfaces inspired by shark skin have been considered for the past three decades in the development of dragreducing riblets. The shark skin is covered by minute placoid scales, known as dermal denticles, which primarily serve the purpose of a protecting armor (Raschi and Tabit 1992) . The base of the tough toothlike scales embedded in the external collagenous layer of the skin (dermis) allows the crown of each scale to be exposed to the water. Fast swimming sharks are particularly known for having streamwise ridges along each crown with a measured degree of flexibility on some body locations. It has been suggested and shown that these unique features of the shark skin can lead to drag reduction by passive flow control mechanisms (Lang et al 2008 , 2011 , Oeffner and Lauder 2012 .
Early research focused on the hydrodynamic effects of the ridges on the crown of each scale-also known as riblets-to reduce the turbulent skin friction drag over the shark's body. Ultimately, man-made riblets showed a turbulent skin friction drag reduction of 9.9% over that of a smooth surface (Bechert et al 1997) . In prior work, the model scales were made to lie flat on the surface, and the bristling of the scales was not investigated. Later studies built a shark skin replica consisting of an array of shark scales with compliant anchoring and then tested the model in a fully turbulent oil channel for measuring the reduction in skin friction drag (Bechert et al 2000a (Bechert et al , 2000b ). This experiment showed that when the scales had bristling capability, but were laid flat, the drag reduction was found to be only about 3%. However as the shark scales were bristled up to 12°, an increase in skin friction drag resulted. Other research also showed shark scale riblet models to be capable of reducing skin friction drag, and thus bristling capability was not found to act as a means to reduce skin-friction drag (Zhao et al 2012, Bixler and Bhushan 2013) . However, the recent research study focuses on flexibility of individual scales and bristling capability of those scales actuate passive flow separation. When flow separates, it results in pressure drag. The bristling capability of flexible scales may control the flow separation and thus reduce pressure drag that acts opposite direction of body motion.
It has been hypothesized in some earlier research work that bristled shark scales could act as vortex generators to control the flow separation (Bechert et al 1985 (Bechert et al , 2000a (Bechert et al , 2000b . Vortex generators provide a passive mechanism for controlling flow separation (Lin 2002) . These are small, vertical v-shaped structures at the surface that protrude into the boundary layer. As the flow encounters the vortex generators, stream wise vortices are created downstream and mix high momentum turbulent energy in the boundary layer. Scales over shark skin are hypothesized to bristle passively in the reversed flow region near or downstream of the point of separation (Lang et al 2011) . Thus bristling of shark scale offers new and different mechanism for controlling flow separation from that of traditional vortex generators.
As the flexible denticles bristles forms two-dimensional transverse grooves between scales. The idea that two-dimensional transverse grooves could be a possible means of drag reduction was proposed by Bushnell (1985) . As flow passes over a single groove, a partialslip condition results from embedded vortices of trapped fluid in each groove. The embedded vortices in the cavities imposes a shear stress at the bottom of cavity which results a small thrust adding to the net reduction in drag for the surface. This was termed a 'microair bearing effect' (Bushnell 1985) . However, the mixing induced into and out of the cavities increased the overall skin friction drag. Howard and Goodman (1985) observed the effect of transverse embedded grooves on the drag characteristics of axisymmetric bluff bodies where it was predicted that the grooves would help to control flow separation due to mixing enhancement in the boundary layer, and thus reduce pressure drag. A drag decrease and corresponding reduction in the size of the separation region was found in this study. This and other studies have indicated that embedded cavity or d-type roughness surfaces can lead to passive turbulence augmentation to control flow separation (Gad-el-Hak 1989) .
A recent study conducted on a flapping robotic foil determined the self-propelled swimming speed as a measure of locomotive performance of both mako shark skin covered foils versus sanded skin surface (Oeffner and Lauder 2012) . Shark skin with the intact surface denticles showed a mean 12.3% increase in swimming speed compared with the same sanded skin foils. This study also suggested that shark skin scales may alter vortex location which could increase thrust. But questions still remained as to the mechanism by which the shark skin scales modify the boundary layer flow.
The present study focuses on investigating flow over skin samples from the Shortfin Mako (Isurus oxyrinchus) as it is one of the fastest swimming marine creatures (Stevens 2008) . These scales are 0.2 mm in average size and are uniformly oriented from nose-totail except around pit organs and lateral lines of shark body. These tiny scales are anchored to the shark's skin in such a way that they are able to pivot about their base only when flow is reversed in the streamwise direction . Under superambient subcutaneous pressure, randomly selected scales in different regions of two dead shortfin mako sharks skin were softly operated with a fine acupuncture needle to the maximum resting erection angle and the maximum bristling angles of scales in different regions is presented in figure 1 . Among the bristling angle for 16 different regions it can be found that the highest scale flexibility occurs on the flank and trailing edges of the pectoral fin, with bristling angles up to approximately 50°on the flank. It is very interesting that the regions where maximum bristling occurs correspond to the regions that one would predict the presence of an adverse pressure gradient(APG) due to the shark's body shape.
Moreover, scanning electron microscope images of individual scales showed that the geometry of the structural base differs by body location. More firmly anchored scales (lower bristling capability) have a more symmetrical base while flank region scales have bases that are wider than deep, facilitating pivoting and thus scale bristling . It is hypothesized that for a flow experiencing an APG, it is the region closest to wall with lowest momentum where reverse flow is initiated. This reversed flow actuates the scales thereby disrupting the process leading to flow separation; this is considered to be the primary mechanism leading to separation control. Several research (Lang et al 2011 (Lang et al , 2014 also suggested that these scales, which are loosely embedded in the shark's skin, are able to erect in the presence of reversing flow, thereby trapping the reversing flow while also forming cavities within the surface (as observed in figure 2 ) that can lead to mixing enhancement and increased momentum in the near-wall region of the boundary layer as a secondary mechanism to control flow separation.
The formations of cavities (about 200 μm in size) between the scales of real shark skin in a bristled orientation are shown in figure 2(b) . The scales are oriented in staggered rows with overlap between the tips of the scales on one row and the bases of the scales on the following row. Previous experiments conducted by Lang et al (2008) over a bristled shark skin model revealed the formation of embedded vortices between replicas of the scales. As the scales bristle, the formation of embedded vortices would allow the flow to pass over the skin with a partial slip condition, thereby leading to higher momentum adjacent to the surface, while also increasing mixing and thus momentum exchange within the boundary layer. Thus the bristled shark skin may have more than one technique of controlling the boundary layer to decrease overall pressure drag.
The present study provides insights to the method by which the scales can control the boundary layer flow with a focus on determining the capability of shark skin-from the flank region-to control flow separation over a flat, non-moving surface. This will lead to further validation that a passive, separation control mechanism is in fact present on the skin and that further research is necessary to elucidate this mechanism that will ultimately result in man-made bio-inspired surfaces for engineering applications where flow separation decreases the performance. Some of the examples of engineering applications include submarines, wind turbine blades, helicopter rotor blades, and aircraft control surfaces.
Experimental procedures
Shark skin samples from the flank region-with most flexible scales-of a Shortfin Mako (Isurus oxyrinchus) were tested under different values of APG. The traditional method of inducing an APG over a plane surface is either changing the contour of the top wall (Sohn et al 1998) or varying the angle of a displacement body in the test section above the flat plate (Gaster 1969) . In these methods, after a short region of the favorable pressure gradient, an APG induces the separation bubble. But both these techniques need an additional arrangement to prevent boundary layer separation over the displacement body itself for high curvatures and thus high APG. The variation of APG was performed with the use of a rotating cylinder which was proven to induce both laminar and turbulent boundary layer separation (Afroz et al 2014 (Afroz et al , 2016 . This system is very simple where rotation speed of cylinder induces flow separation over flat surface at downstream location of the cylinder. This rotating cylinder system generates wide variation and controlled range of APG. Moreover, it does not induce any other separation region and thus no need of any other arrangement to prevent separation elsewhere in the system. Time-resolved digital particle image velocimetry (TR-DPIV) was used to compare the laminar and turbulent boundary layer separation over shark skin with that of a smooth plate data for a given amount of APG. It is not possible to achieve the real bursting speed of a shortfin mako shark x 5 in the measurement region based on the distance from leading edge.
Experimental setup
The experimental studies were carried out in a water tunnel facility at the University of Alabama. The water tunnel has a test section size of 38 cm wide by 76 cm tall by 275 cm long. To induce the presence of an APG, a rotating cylinder (diameter of 5.1 cm) was placed at a distance of L=101.6 cm (≈20D) downstream from the leading edge of the flat plate and spanned the total width (45.72 cm) of the plate (figure 3). By adjusting the gap height (G) from the plate as well as the rotation speed, the strength of the APG was varied. This system induces separation over a flat plate at a point just downstream of the cylinder. For these experiments the cylinder center was placed at the beginning edge of shark skin to ensure the formation of separation occurs over the shark skin sample. First, the shark skin model was tested by placing the cylinder at certain gap height (G/D) and rotation speed ( )
for inducing a known amount of APG (Afroz et al 2014 (Afroz et al , 2016 . Then keeping the cylinder at same gap height (G/D) and rotation speed (VR), the shark skin plate was replaced by a smooth plate model. This procedure insured testing was performed for the shark skin and smooth surfaces under the exact same amount of APG for direct comparison. Experiments were carried out for both laminar and turbulent boundary layer conditions. As shown in figure 3 , the flow was tripped to be turbulent by putting a thin plate (10 mm in height and 25 mm in wide) at a distance, L T =50 cm (≈10D) from leading edge for the latter case.
The model used in the experiment is a flat plate interchangeable model, made out of black Plexiglas, and was mounted vertically in the test section. Attached to the front of this plate there is a leading plate with elliptical nose and then the flat plate model which is followed by a trailing edge flap. This flap was adjusted based on flow speed and blockage to prevent the formation of a separation bubble at the nose of the flat plate. The shark skin samples from the flank region, three pieces each measuring 14 cm in width and 17.78 m in height with proper orientation of the scales maintained to ensure sensitivity to reversing flow, were glued on another flat plate surface (figure 4). Thus, the shark skin surface measured a height of 53.34 cm (about 87.5% of total plate height).
It should be mentioned that special care was taken to cut the exact dimensions of shark skin. The muscles and tissues under the skin were removed with help of a surgical blade as much as possible without damaging the skin structure. However, even with this care there was some minor waviness to the skin after being mounted to the flat plate (figure 4). Due to the fact that biological materials deteriorate at room temperature, the shark skin sample was kept frozen when not in use. Thawing and then refreezing causes eventual deterioration, thus this process was only performed twice to insure soundness of the skin sample during testing. Care has also been taken so that shark skin did not come in direct contact with other objects or surfaces to avoid any contamination or damage to the scales.
Data acquisition and analysis technique
To measure the flow field with a DPIV system, the flow was seeded with 14 μm silver-coated hollow glass spheres and then illuminated by a laser sheet generated by a Quantronix Falcon 20 mJ Nd:YLF laser. The maximum power output of this laser is 20 watts and it has a beam wavelength of 532 nm, 7-30 amps current output range, and 0.1-1.0 kHz frequency range. Lab-VIEW software here was used for image acquisition. Then Insight3G DPIV software was used to analyze the acquired images and obtain the velocity vector field for laminar and turbulent separation. The size of each measurement window for image acquisition was 4.5 cm×2.25 cm and images were captured by a Basler A504K high-speed camera at a rate of 1000 frames s −1 for turbulent flow and 500 frames s −1 for laminar flow.
A total of 9600 images (9.6 s) for each rotation speed were captured at 1280×512 pixels and then analyzed to obtain both instantaneous and averaged statistics of the flow field. The images were captured 2.5 cm downstream of the cylinder center as identified in figure 3 . DPIV analysis was conducted on the images with various sizing of interrogation windows, the smallest being 16 × 8 pixels for increased data resolution in the nearwall region. A minimum intensity image generator was used to determine the background noise common to all of the images, and this noise was subtracted from each image to increase the accuracy of the vector calculations. During processing, Insight 3G software utilized a Recursive Nyquist Grid, FFT Correlation Engine, and Gaussian Peak Engine while post-processing filtering was performed to eliminate any bad vectors due to localized insufficient seeding. The DPIV processing software gave an estimation of the average percentage of valid vectors in each processing window, and the least measurement of good vectors was about 97%. The error associated with the DPIV technique is primarily due to insufficient data (poor seeding density or poor image quality) (Willert and Gharib 1991, Hart 2000) . In this experimental study, adequate seeding density was (Willert and Gharib 1991, Huang et al 1997) . The pixel/ cm calibration for these data sets was 37.8 microns/ pixel. Combining the error for tilting of the ruler for calibration process and processing grid error, the total error for each velocity vector was kept below 5%. 
In this case, the value of cylinder gap to diameter ratio (G/D) was fixed at 0.75 for all the experimental conditions. The pressure calculations along the flat plate by this theoretical model were also used in previous studies (Afroz et al 2014 (Afroz et al , 2016 for predicting the zone where both laminar and turbulent boundary layer was subjected to APG. It should be mentioned that this inviscid model can be used confidently to measure the pressure gradient for viscous flows. The rotation of cylinder induces the viscous wake to move up and away from the measurement area, thereby not disturbing the measurements. The rest of the viscous flow induced by the cylinder rotation can be presented to be that of an irrotational vortex (Kundu and Cohen 1990) . So the uniqueness of this viscous flow solution that results in the formation of an irrotational votex rotation allows using the inviscid model to predict the pressure gradient outside the boundary layer. It should be noted the goal of the theoretical study was to identify the measurement region of experimental study where boundary layer separation starts and the starting point of each measurement region was chosen as x=25 mm.
Beyond this point, the boundary layer is subjected to an extreme APG and separation is induced on a flat surface. Figure 5(a) shows the pressure gradient plots that are used for the laminar flow separation study. Figures 5(b) , (c) show the pressure gradient measurements which are used for the turbulent flow separation study.
Base flow
The flow was first studied to document the base flow without the presence of the cylinder for both laminar and turbulent flow. After confirming a clean laminar base flow in the measurement region, the flow was then subjected to an APG to induce a laminar separation bubble. In figure 6(a) , the velocity profile for U=0.132 m s −1 at a Reynolds number, »Ŕe 1.3 10
x 5 is compared with the theoretical Blasius profile. The theoretical Blasius profile was calculated using Howarth (1938) solution with zero pressure gradients and it gives close agreement with the experimental velocity profile for laminar flow. The theoretical boundary layer thickness, δ, based on Blasius calculation is found to be 13.5 mm in comparison with the experimental value of 13 mm ( figure 6(a) ). In figure 7, boundary layer thickness (δ), displacement thickness (δ1), momentum thickness (θ) are compared for between Blasius calculation and experimental data at various x-location from leading edge within the measurement region. All the characteristic values from experimental data matches well with Blasius calculations. Also the shape factor (H) from Blasius calculation is found to be 2.59 and matches comparably well with the experimental value of 2.69. Likewise, a clean base flow turbulent boundary layer over the flat plate was ensured before testing under the presence of an adverse pressure gradient. According to (Prandtl 1952) , the one-seventh power law is a good approximation for the velocity profile up to Re x =10 7 . In figure 6(b) , the experimental velocity profile for U=0.25 m s −1 at »Ŕe 2.5 10 x 5 is compared with the theoretical one-seventh power law and also one-sixth power law. As flow is tripped to turbulent and the Reynolds number is relatively low, the experimentally measured profile shows a better match with a one-sixth law.
Results and discussions
4.1. Laminar separation control 4.1.1. Time-averaged velocity field The time-averaged velocity contours showed that for laminar flow (Re x =1.3×10 5 ), the shark skin resulted in a reduction in size of the separation bubble as compared to a smooth plate under the same amount of APG (figures 8(a), (b) ). At a higher strength of APG, the separation bubble on the shark skin is again reduced in size (figures 9(a) and (b)). Figure 8 shows the LSB region bounded by mean dividing streamline passing through the separation point. Then the separation point and transition point are identified on this velocity line. From table 1 it can be seen that shark skin minimally delays the separation point, but induces earlier transition to reattach the flow thereby reducing the height and extent of the LSB. It should be noted that LSB height (h) is measured at the point of transition, T, after which height decreases due to turbulent mixing and eventual reattachment. Figure 10 shows the comparison of time-averaged vorticity field between the smooth plate and shark skin under same amount of APG. The separated laminar boundary layer forms a free shear layer outside the U=0 velocity line and contains the clockwise, negative vorticity from the original boundary layer flow. At this higher strength of APG, the shark skin lowers the extent to which the vorticity layer is pulled away from the wall as compared to that of smooth plate.
Time-averaged vorticity field

Reynolds stress
One method to locate the turbulent transition point for a separation bubble is to measure the normalized Reynolds stress ( )
where the starting point of turbulent transition, T in separated shear layers, is defined as the point where the normalized Reynolds
is more than 0.001 (Volino and figure 11 , early transition takes place and higher Reynolds stress occurs for the shark skin cases. For a strong APG ( figure 11(b) ), shark skin results in comparatively higher Reynolds stress. As also seen in figures 8 and 9, shark skin controls the separation better for the stronger APG case. We thus hypothesize that there might be a threshold value of reverse flow for which shark skin bristling is actuated to better control flow separation; this threshold would be achieved more regularly for the higher APG case.
Instantaneous velocity field
The instantaneous velocity history gives more insight as to the laminar flow separation control of shark skin. The u-velocity history (for t=9.6 s) very near the wall (y=2 mm) at different x positions for two different magnitudes of APG are presented in figures 12 and 15.
Here two x-locations are chosen: one just after the beginning of separation (x=45 mm) and the other near the transition zone of separation (x=70 mm).
Figure 12(a) shows that the peak magnitudes of reverse flow velocity vary within −0.5 to −1.2 cm s −1 for the flat plate case, whereas for the shark skin cases, most of the peak reverse flow values are less than −0. 5 cm s −1 .
In figure 12(b) , the peak of reverse flow velocity varies within −0.5 to −1.5 cm s −1 for smooth plate cases. Here also the peak reverse flow value for shark skin surface does not exceed −0.5 cm s −1 . For the smooth plate case, the instantaneous flow velocity shows that velocity is negative for most of the time. However, the shark skin causes a higher frequency of flow direction change and a lower peak value of backflow. Figures 13 and 14 present the instantaneous flow field for an interval of 0.2 s over a smooth and shark skin surface at the two strengths of APG. For the smooth plate, the instantaneous shape and size of the bubble does not change much with time. But for the shark skin surface, the instantaneous shape of the bubble is obviously changing with time. It starts with a large scale vortex structure that sheds off with a decrease in size of the separated region, and then the bubble starts growing in size.
Instantaneous flow velocity of shark skin under that higher strength of APG is also observed in figures 15(a), (b) . At x=45 mm, the peak reverse flow goes up to −3 cm s −1 for the smooth case. The amount of positive velocity increases for shark skin surface compare to the cases in figure 12 . But at x=70 mm, the reverse velocity peak goes as high as −5 cm s −1 and it shows more control of separation. At this point, the velocity remains positive for most of the time and the positive velocity peaks are higher in magnitude.
Turbulent separation control 4.2.1. Contour of backflow coefficient
The backflow coefficient (χ) is a measurement of the percentage of time the flow is reversed. Figure 16 shows a reduction in the size of the backflow coefficient region on shark skin as compared to the smooth plate under the same amount of APG. Contours of backflow coefficient show that in the ydirection upwards from the wall, the amount of backflow increases to its maximum value and then start decreasing again. Also in the x-direction after a certain distance, the amount of backflow reaches a maximum value and then starts decreasing. Backflow contours also agree with the fact that the smooth wall case is steady laminar flow separation reaching 100% backflow in the front of the separation bubble, while the shark skin case is unsteady. For the cases of shark skin, the maximum amount of backflow is lower than the smooth plate under the same APG. Also in the xdirection, the amount of backflow reaches to a maximum value earlier for shark skin cases and after that starts decreasing. Turbulent boundary layer separation is unsteady in nature and does not have a single stationary separation point like the smooth wall laminar separation bubble. The unsteady nature of separated flow forming in a turbulent boundary layer is evident by the contours of back-flow coefficient (χ) (figures 17 and 18). Quantitative definitions as to the detachment state near the wall can be defined based on this backflow (Simpson et al 1981a , 1981b , Simpson 1996 . The separation points defined are: incipient detachment which occurs where an instantaneous backflow 1% of the time (χ=0.01) is measured; intermittent transitory detachment occurs for an instantaneous backflow 20% of the time (χ=0.20); finally detachment (D) occurs for an instantaneous backflow 50% of the time (χ=0.50). The backflow coefficient contour shows that shark skin is capable of controlling turbulent separation. Shark skin reduces the size of the backflow coefficient region and results in delayed separation as compared to a smooth plate under the same amount of APG. Detachment points (X S ) for smooth plate and shark skins under different amounts of APG are listed in table 2.
For the lower strength of APG ( figure 17(a) ), the amount of backflow reaches as high as 70% on the smooth plate, whereas this value reduces to 50% for shark skin. At higher APG values (figures 17(b), (c) and 16(b)) the shark skin gave better control of separation as the height of the backflow contour and the maximum percentage of backflow reduces significantly. Perhaps at a higher strength of APG, the boundary layer is induced to pull further away from the wall, but the higher magnitude of flow reversal may cause greater bristling of the shark scales thereby inducing greater separation control.
Time-averaged vorticity field
The time-averaged vorticity field shows that shark skin gives better control under higher APG as shown in figure 19(b) . For lower APG, there is less difference between the pulling of the boundary layer from shark skin as compared to the smooth plate. But at higher APG, the shark skin definitely controls the pulling away of the boundary layer from the wall.
Time-averaged velocity field
Turbulent separation is very unsteady in nature and a time-averaged mean flow analysis will not reveal the unsteady, instantaneous flow behavior of the separation bubble (Na and Moin 1998) . But if the velocity fields can be accurately averaged then it can give a steady separation bubble. From TR-DPIV analysis the time-averaged velocity are shown in figure 20 . The height of the negative stream wise velocity zone of turbulent separation over the shark skin is smaller than that of the smooth plate for different amounts of APG. For higher strength of APG (figures 20(b) and (c)), a significant reduction in the size of the negative velocity region was observed. Figure 21 shows the instantaneous velocity history of a point very close to the wall under different strengths of APG. As the APG increases, the peak of negative flow velocity increase from −0.1 m s −1 to −0.35 m s −1 for the smooth case. And as the magnitude of APG increases, shark skin results in better control of turbulent boundary layer separation. It can be also seen for the shark skin surface under various amount of APG in figure 21 that the periods of backflow are much shorter in duration with lower peak magnitudes, resulting in a significantly smaller total time of reversal. As the shark skin is subjected to an increased strength of APG, the reversed flow region is further reduced from reaching a higher magnitude thereby controlling flow separation.
Instantaneous velocity field
Summary
The maximum speed limit of our water tunnel facility is much lower than the actual speed of a real shark. However both in the experiments and real swimming conditions, the scale bristling takes place in bottom and our experimental laminar boundary layer thickness is measured approximately as 13 mm. Therefore, the protruding scale would be within the bottom 2% of the boundary layer thickness. Thus even though both flows are not similar in Re, the flow control actuation in both cases reaches into the bottom 1%-5% of boundary layer thickness. The fundamental turbulent production happens in the viscous sublayer and buffer zone of the boundary layer (nominally within 1% of boundary layer) and thus the scales within this lower 1% of the boundary layer are capable of interacting with the reversed flow, hypothesized to occur in the low speed streaks. As the denticles bristle to form cavities between individual scales, the presence of cavities is known to induce strong mixing events which is highly dependent on the cavity Reynolds number (Re c , calculated based on scale height and freestream velocity). If a shark swims at a speed of 10 m s −1 and the crown length of a scale is 0.22 mm, the Re c would be 2200. But for the present experimental study, Re c for laminar flow is 26.4 and approximately 60 for the turbulent case. As the cavity Reynolds number is very low in the present experimental studies, turbulent mixing in and out of the cavities formed between the bristled scales may not be strongly induced. Thus the primary mechanism of flow control for the experiments is hypothesized to be the scale bristling inhibiting flow reversal. It should be noted also that the shark skin also caused earlier transition to turbulence in the laminar separation bubble. In this case, the instantaneous flow velocity measurements near the wall indicated an unsteady laminar point of flow separation. This unsteady behavior is the result of the shark skin inhibiting the flow reversal near the wall in an unsteady manner as the scales are bristled up during flow reversal events. Also, the time history of the velocity inside the laminar separation region shows a reduction in the peak magnitude of reversing flow for the shark skin compared to the smooth plate under the same APG. For higher APG, the shark skin gives better control of laminar separation and the overall forward velocity is higher in magnitude. In the cases of the turbulent boundary layer separation, the reverse shear is hypothesized to erect the scales and the bristled scales obstruct the reversing flow reducing the overall backflow coefficient. Thus even for turbulent flow, turbulent mixing induced by the presence of the scales may not be overly present in this experiment as a key mechanism to control the flow separation. Rather the reversed flow bristles the shark scales, inhibits backflow and thus prevents the reverse flow from reaching higher magnitudes. The fact that the shark skin controlled the flow separation more effectively for higher APG cases indicates potentially more bristling leading to more flow control as the backflow contour height and the maximum percentage of backflow reduced significantly at larger APG. Overall, our hypothesis that shortfin mako shark skin can control the flow separation has been proven, and a logical hypothesis based on scale bristling has been presented. The large difference of Re c suggests that mixing induced by the scales would be much higher for real swimming flow conditions. However, the passive flow separation control mechanism dependent on inhibiting flow reversal is a mechanism somewhat independent of the Re as long as the reversing flow is strong enough toinitiate scale bristling. Therefore, the primary separation control mechanism for lower Re c in our experiments may not be because of turbulent mixing. However, for real shark swimming speeds, or at higher Re, the degree of flow control could be substantially increased as turbulent mixing induced by the cavities could provide an additional mechanism to bring higher momentum flow closer to the surface inside the turbulent boundary layer.
Conclusions
Shortfin Mako shark skin from the flank region with highly flexible scales was tested under various amounts of APG for its separation control capability. The time-averaged DPIV results showed that shark skin is capable of controlling both laminar and turbulent separation on flat, non-moving surface. This indicates the presence of a passive mechanism for separation control and, although scale bristling could not be observed during experiments, the inhibiting effect on the near-wall flow reversal by the presence of the scales was measured. The presence of the shark skin on the flat plate also results in a smaller separation region and a delay in the separation point under different magnitudes of APG. Instantaneous velocity history also reveals that for a higher strength of APG, shark skin results in better separation control in both laminar and turbulent flow cases. Flow separation degrades the stability and performance of vehicles in a wide range of engineering applications. This newly discovered flow separation control technique of flexible shark scales has the potential to inspire similar man-made microscale surfaces for future separation control applications in both air and water.
